Extracting temporal periodicities and envelope shapes of sounds is important for listening within complex auditory scenes but declines behaviorally with age. Here, we recorded local field potentials (LFPs) and spikes to investigate how ageing affects the neural representations of different modulation rates and envelope shapes in the inferior colliculus of rats. We specifically aimed to explore the input-output (LFP-spike) response transformations of inferior colliculus neurons. Our results show that envelope shapes up to 256-Hz modulation rates are represented in the neural synchronisation phase lags in younger and older animals. Critically, ageing was associated with (i) an enhanced gain in onset response magnitude from LFPs to spikes; (ii) an enhanced gain in neural synchronisation strength from LFPs to spikes for a low modulation rate (45 Hz); (iii) a decrease in LFP synchronisation strength for higher modulation rates (128 and 256 Hz) and (iv) changes in neural synchronisation strength to different envelope shapes. The current age-related changes are discussed in the context of an altered excitation-inhibition balance accompanying ageing.
Introduction
Natural environmental sounds such as speech or music vary on multiple time scales. The temporal structure of sounds -for example, the rate of an amplitude modulation (AM) or the shape of an amplitude envelope -is a crucial acoustic feature on which basis different sounds are perceptually distinguishable (Patterson, 1994; Akeroyd & Patterson, 1995; Irino & Patterson, 1996; Furukawa & Moore, 1997) . Neurophysiological studies in humans and animals show that neural activity synchronises with a sound's amplitude modulation likely supporting perceptual discriminability (Picton et al., 2003; Joris et al., 2004) . Neural synchronisation has been observed at all stages of the auditory system ranging from auditory nerve fibres to auditory cortex (Vernier & Galambos, 1957; Epping & Eggermont, 1986; Preuß & M€ uller-Preuss, 1990; Joris & Yin, 1992; Palombi et al., 2001; Bibikov, 2002; Joris et al., 2004; Bartlett & Wang, 2005 Malone et al., 2007; Kadner & Berrebi, 2008; Kale & Heinz, 2010; Herrmann et al., 2013a; Parthasarathy et al., 2014) . Furthermore, neural synchronisation is influenced by the rate of the temporal modulation and the envelope shape of the modulation (Pressnitzer et al., 2000; Lu et al., 2001; Neuert et al., 2001; Parthasarathy & Bartlett, 2011) .
Critically, hearing abilities, including perception of temporal aspects of sounds, decline with ageing and hearing loss (Barsz et al., 2002; Pichora-Fuller, 2003; Walton, 2010) . For example, gap detection as well as detection of temporal modulation is impaired in older listeners (Schneider et al., 1994; Moore & Skrodzka, 2002) . Hearing difficulties in ageing might be related to sensory degradation, alterations of the central auditory system, and/or cognitive decline (Canlon et al., 2010; Wayne & Johnsrude, 2015) . In particular alterations of the central auditory system due to ageing or hearing loss can be drastic, including reduced neuronal inhibition (Caspary et al., 1995; Burianova et al., 2009; Llano et al., 2012; Rabang et al., 2012; Takesian et al., 2012 ; for a review see Caspary et al., 2008) and increased neuronal responses (Popel ar et al., 1987; Syka et al., 1994; Hughes et al., 2010; Manzoor et al., 2012; Stolzberg et al., 2012) along the auditory pathway. Furthermore, neural synchronisation in aged animals appears to be enhanced for lower modulation rates but reduced for fast modulation rates (Palombi et al., 2001; Schatteman et al., 2008 ; for compatible work in humans see Purcell et al., 2004; Bidelman et al., 2014) . Population responses (likely originating from the brainstem and midbrain) indicate age-related deficits in envelope-shape coding (Parthasarathy & Bartlett, 2011) and also suggest central gain enhancement of responses with ageing (Parthasarathy et al., 2014) .
Extracellular neuronal signals are commonly separated into spiking activity and slower potential fluctuations referred to as local field potentials (LFPs). Previous studies on sensory representations have focused on spiking activity (e.g. Palombi et al., 2001; Schatteman et al., 2008; Bartlett & Wang, 2011) . More recently, the importance of field potentials in sensation has been emphasised (e.g. Lakatos et al., 2008; Whittingstall & Logothetis, 2009; Belitski et al., 2010; Haegens et al., 2011; Kajikawa & Schroeder, 2011; Kayser et al., 2015) , but the extracellular LFP has remained largely unexplored in the study of ageing animals (but see Gour evitch & Edeline, 2011 ). Yet, spiking activity primarily reflects the output of a neuron or neuronal population, whereas the LFP largely reflects the synaptic activity at the dendrites and soma, and thus contains information about the aggregate input to a neuron or neuronal population (but other non-synaptic activity might additionally contribute; Bullock, 1997; Logothetis et al., 2001; Logothetis & Wandell, 2004; Buzs aki et al., 2012) . While the age-and hearing loss-related augmentation of neural firing along the ascending auditory pathway is well established (using neuronal spiking; Popel ar et al., 1987; Hughes et al., 2010) , the relative change from synaptic (input) activity to neuronal spiking output within a single brain structure and the age-related changes thereof are unknown. In particular, the inferior colliculus in the midbrain is a prime candidate in which age-related changes in sensory transformation might occur due to the inferior colliculus' relevance in integrating ascending sensory and descending neural signals (Adams, 1979; Pollak et al., 2003; Lee & Sherman, 2010) along with the age-related reduction in neural inhibition Raza et al., 1994; Caspary et al., 1995; Burianova et al., 2009; Rabang et al., 2012) .
This study investigates neuronal activity of inferior colliculus neurons in younger and older rats in response to amplitude-modulated sounds, varying in modulation rate and envelope shape. We specifically aimed to investigate whether ageing affects the sensory transformation from synaptic neuronal signals (LFP) to spiking activity. Our main findings were (i) that onset-evoked LFPs were smaller for older compared to younger rats, whereas there was no difference in onset-evoked spiking activity; (ii) that neural synchronisation strength of LFPs was similar between age groups, whereas spike synchronisation was increased for older rats at a low modulation rate; (iii) that neural synchronisation for fast modulation rates was larger for younger compared to older animals. We also observed age-related differences in neural synchronisation specifically related to the envelope shape.
Methods and materials

Ethical approval
The experimental procedures described in the present investigation were approved by the Institutional Animal Care and Use Committee of Purdue University (PACUC #1111000167). The experiments included in this study comply with the policies and regulations described by Drummond (2009) . Rats were housed one per cage in accredited facilities (Association for the Assessment and Accreditation of Laboratory Animal Care) with food and water provided ad libitum. The number of animals used was reduced to the minimum necessary to allow adequate statistical analyses.
Surgical procedures
Nine young (3-6 months,~300 g) and eleven older (22-26 months, 400-500 g) male Fischer-344 rats were used in this study. The ageing Fisher-344 rat has been suggested to be a suitable model to study presbycusis in ageing animals (Syka, 2010) . Many of the animals in the study were tested for hearing threshold using the auditory brainstem response (ABR). The ABR responses showed clear age-related changes in hearing thresholds (all values dB SPL and standard deviation: nine older animals: click 53.3 AE 6.6, 8 kHz tone 36.7 AE 2.5; nine younger animals: click 36.4 AE 3.8, 8 kHz tone 30.0 AE 7.5), with a larger threshold discrepancy for clicks vs. 8 kHz tones as reported previously (Parthasarathy & Bartlett, 2011) . Methods for surgery, sound stimulation and recording are similar to those described in (Rabang et al., 2012; Herrmann et al., 2015) . Surgeries and recordings were performed in a 9 0 9 9 0 double walled acoustic chamber (Industrial Acoustics Corporation). Animals were anaesthetised using a mixture of ketamine (VetaKet, 80 mg/kg) and dexmedetomidine (Dexdomitor, 0.2 mg/kg) administered intra-muscularly via injection. A constant physiological body temperature was maintained using a water-circulated heating pad (Gaymar) set at 37°C with the pump placed outside the recording chamber to eliminate audio and electrical interferences. The animals were maintained on oxygen through a manifold. The pulse rate and oxygen saturation were monitored using a pulse-oximeter to ensure they were within normal ranges during surgery. Supplementary doses of anaesthesia (20 mg/kg of ketamine, 0.05 mg/kg of dexmedetomidine) were administered intra-muscularly as required to maintain areflexia and a surgical plane of anaesthesia. An initial dose of dexamethasone and atropine was administered prior to incision to reduce swelling and mucosal secretions. A subdermal injection of Lidocaine (0.5 mL) was administered at the site prior to first incision. A central incision was made along the midline, and the calvaria exposed. A stainless steel headpost was secured anterior to bregma using an adhesive and three screws drilled into the skull to provide structural support for a head-cap, constructed of orthodontic resin (Dentsply). A craniotomy was performed from 9 to 13 mm posterior to bregma, which extended posterior to the lambda suture, and 3 mm wide extending from the midline. The dura mater was kept intact, and the site of recording was estimated stereotaxically using a rat atlas (Paxinos & Watson, 2006) as well as using internal vasculature landmarks and physiological measurements. At the completion of recordings, animals were euthanised with Beuthanasia (200 mg/kg IP). Once areflexive, they were perfused transcardially with 150-200 mL phosphate buffered saline followed by 400-500 mL 4% paraformaldehyde. The brain was then removed and stored or processed further for Nissl or immunohistochemistry.
Stimulus generation
Sound stimuli were generated using SigGenRP (Tucker-Davis Technologies, TDT) at a 97.64 kHz sampling rate (standard TDT sampling rate) and presented through custom-written interfaces in OPENEX software (TDT). Sound waveforms were generated via a multichannel processor (RX6, TDT), amplified (SA1, TDT), and presented free-field through a Bowers and Wilkins DM601 speaker. The sounds were presented to the animal at azimuth 0°and elevation 0°, calibrated at a distance of 115 cm from speaker to ear, using a Bruel & Kjaer microphone and SIGCAL software (TDT). All recordings took place in an Industrial Acoustics booth lined with 1 inch (35 mm) Sonex foam with~90% absorption for frequencies ≥1000 Hz, minimising potential echoes or reverberations.
Acoustic stimulation
Stimuli consisted of white noise carriers that were modulated in amplitude at three different modulation rates using five different envelope shapes. Modulation rates were 45, 128 and 256 Hz (Fig. 1, left) . These rates were chosen to be comparable to our previous studies (Parthasarathy & Bartlett, 2011; Parthasarathy et al., 2014) and to test the limits of temporal precision, rather than testing slower amplitude-modulation rates. This set of modulation frequencies is also in accordance with human studies investigating agerelated changes in neural synchronisation to amplitude-modulated sounds (Boettcher et al., 2001; Purcell et al., 2004; Grose et al., 2009) . The modulation frequencies in our study, though not dominant in terms of stimulus energy, are also critical for proper gender identification and are affected by ageing (Schvartz & Chatterjee, 2012) .
Envelope shapes ranged from strongly damped to strongly ramped generated by varying parameters of a beta function (Fig. 1, middle) . The beta function for one cycle (b) was defined as follows:
where t is a time vector ranging from 0 to 1 (covering a full cycle duration) and z the parameter determining the envelope shape. The parameter z could take on one of three values: 1.05, 1.4491 or 2; relating to strongly damped, weakly damped and symmetrical envelopes respectively. For the weakly and strongly ramped envelope shapes the beta functions generated for z values of 1.4491 and 1.05 were time-reversed respectively ( Fig. 1, middle) . Beta functions were peak-normalised. Sounds had duration of approximatelỹ 265 ms depending on modulation frequency, and sounds were presented every 1.25 s. Each of the 3 9 5 (modulation rate 9 envelope shape) sounds was randomly presented between 6 and 10 times (typically 10 times; consistent number within a unit).
Electrophysiological recordings
Single unit activity and multiunit activity in the inferior colliculus was recorded in vivo using a tungsten microelectrode (A-M Systems) encased in a glass capillary that was advanced using a hydraulic micro-drive (Narishige). We recorded 93 units in younger rats and 90 units in older rats. The inferior colliculus was identified based on short-latency driven responses to tone stimuli. The central nucleus of the inferior colliculus was identified using the ascending tonotopy moving in a dorsoventral direction as well as narrowly tuned responses to pure tones with frequencies ranging from 0.5 to 40 kHz. Recordings were obtained from both the dorsal cortex and central nucleus. Although we cannot exclude that we recorded from lateral (or external) cortex, based on the recording depth, the presence of sustained responses to tones and amplitude-modulated stimuli, as well as clear frequency tuning in most cases, we estimate that most of our units were recorded from the central nucleus.
Neural signals were acquired using the tungsten microelectrode connected to a headstage (RA4, TDT) and were amplified (RA4PA preamplifier, TDT). The digitised waveforms and spike times were recorded with a multichannel recording and stimulation system (RZ-5, TDT) at a sampling rate of 24.41 kHz (standard TDT sampling rate). The interface for acquisition and spike sorting were custom made using the OPENEX and RPVDSEX software (TDT). The units acquired were filtered between 500 Hz (occasionally 300 Hz) and 5000 Hz. The acquired spikes were stored in a data tank and analysed using custom written software in MATLAB. Local field potentials were simultaneously recorded from the same electrode by sampling at 1525.88 Hz and bandpass filtering from 3 to 500 Hz. Line noise at 60 Hz was offline removed from the local field potential recordings using an elliptic notch filtre (infinite-impulse response; zerophase lag).
Data analysis: onset and sustained responses
All offline data analyses were carried out in MATLAB (MathWorks Inc.). Response time courses were calculated for visualisation purposes as the average across single-trial time courses (LFP) or peristimulus time histograms (spikes; 0.5 ms time steps, 4 ms moving rectangular window). Response magnitudes were assessed for an onset and a sustained time window. The onset time window ranged from 0 to 0.05 s and the sustained time window ranged from 0.05 to 0.275 s. For spikes, firing rates were calculated. For local field potentials, the response magnitude was calculated as the root-meansquared amplitude.
Onset response latencies for the LFPs were extracted for the N1 (negative peak within 0-0.05 s). P1 latencies were not analysed to avoid unreliable estimates for older rats. The latency of the first spike was extracted for trials eliciting at least one spike within the 0-0.05 s time window after stimulus onset (Heil, 2004 ).
Data analysis: neural synchronisation to amplitude-modulated sounds
Neural synchronisation for local field potentials was calculated as follows. For each modulation rate and envelope shape condition separately, single-trial time courses were averaged, the 0.05-0.275 s time interval was extracted, and a fast Fourier transform (FFT) was calculated (zero-padding to obtain a frequency resolution of 0.25 Hz; 20-300 Hz). An amplitude spectrum and a phase spectrum was calculated as the magnitude and the angle, respectively, of the FFT complex values. Neural synchronisation strength at the AM frequency was quantified as the mean amplitude across a 2-Hz frequency window centred on the AM frequency. The mean phase angle at the AM frequency, reflecting the phase delay/lag, was quantified as the circular mean across a 2-Hz frequency window centred on the AM frequency.
Neural synchronisation for spiking activity was calculated as follows. For each modulation rate and envelope shape condition separately, spikes times were extracted from the 0.05 to 0.275 s time interval. Spike times were transformed to phase angles (p) using the following formula:
where f is frequency and t a vector of spike times (of all trials of one condition). The minus sign in combination with the added p ensured that spiking phase angles and local field potential phase angles were comparable. Phase angles were wrapped to range from Àp to p. Using the spikes of all trials of one condition, the empirical vector strength v, that is, the resultant vector length, was calculated as follows (Lachaux et al., 1999) :
where v is the vector strength, i the imaginary unit, p the vector of phase angles, and n the number of spikes (with j being the index). The vector strength can be biased by the number of spikes, with smaller v values for a higher number of spikes. For that reason, a normalised vector strength was calculated. To this end, n (number of spikes of a condition) random phase values between Àp and p were generated and the vector strength (i.e. the resultant vector length) was calculated. Randomly drawing phase values and calculation of the vector strength was repeated 5000 times, which resulted in a distribution of random vector strengths given the number of spikes. The normalised vector strength was then calculated by subtracting the empirical vector strength from the mean of the random vector strength distribution and dividing the result by the standard deviation of the random vector strength distribution. The normalised vector strength was calculated for frequencies (f) ranging from 20 to 300 Hz with a frequency resolution of 1 Hz, resulting in a vector strength spectrum. A phase spectrum was calculated as the circular mean across single-spike phase values (p) for each frequency. Neural synchronisation strength at the AM frequency was quantified as the mean normalised vector strength across a 2-Hz frequency window centred on the AM frequency. The mean phase angle at the AM frequency, reflecting the phase delay, was quantified as the circular mean across a 2-Hz frequency window centred on the AM frequency.
We also calculated the percentage of units that could be considered highly sensitive to the specific modulation rates. For spikes synchronisation, the normalised vector strength reflects a statistical measure -a z-score -and we considered a unit to be sensitive to a modulation rate if its normalised vector strength was equal or larger than 1.645 (i.e. one-tailed P ≤ 0.05). For LFP synchronisation, a 1/f pattern was observed for the amplitude spectra (Fig. 4) requiring a different approach for the LFPs. Here, we made use of a 95% confidence interval (i.e. one-tailed P ≤ 0.05; Gardner & Altman, 1986) . In detail, the confidence interval for a given stimulus modulation rate was calculated by making use of the amplitudes of the other two stimulus modulation rates. For example, the confidence interval for the 45-Hz modulation rate condition was calculated using the amplitudes at 45 Hz of the 128-and 256-Hz modulation rate conditions (for 128 Hz the 45-and 256-Hz modulation rates were used; for 256 Hz only the 45-Hz modulation rate was used because 128 Hz produced a harmonic response at 256 Hz). Finally, we considered a unit to be sensitive to a modulation rate if its amplitude at the modulation frequency was equal or greater than the respective 95% confidence interval.
Statistical analyses
For the statistical analyses, we utilised the Wilcoxon rank-sum test to compare different age groups and the Wilcoxon signed rank test for within-unit (repeated-measures) comparisons using the Matlab inbuilt functions (ranksum, signrank; respectively). Effect sizes are reported as r equivalent (Rosenthal & Rubin, 2003 ; hereafter referred to simply as r) for statistical tests of linear dependent measures. r equivalent is equivalent to a Pearson product-moment correlation for two continuous variables, to a point-biserial correlation for one continuous and one dichotomous variable, and to the square root of partial g 2 (eta-squared) for ANOVAs. Where appropriate, false discovery rate (FDR) was applied to control the proportion of false positives among significant comparisons (Benjamini & Hochberg, 1995; Genovese et al., 2002) .
Results
Response magnitudes of local field potential and spiking activity
First, we investigated responses to the onset of sounds independent of envelope shape, focusing on the 0-0.05 s time interval. For the local field potentials, responses were significantly larger for younger compared to older rats for all three modulation rates (root-meansquared amplitudes; 45 Hz: P FDR = 0.001, r = 0.401; 128 Hz: P FDR < 0.001, r = 0.419; 256 Hz: P FDR < 0.001, r = 0.412; Fig. 2A ). In contrast, firing rates were not different between age groups (45 Hz: P FDR > 0.05, r = 0.010; 128 Hz: P FDR > 0.05, r = 0.044; 256 Hz: P FDR > 0.05, r = 0.073; Fig. 2B ). Firing rates were additionally examined for the sustained time interval ranging from 0.05 to 0.275 s. Again, no significant difference between age groups was observed (45 Hz: P FDR > 0.05, r = 0.015; 128 Hz: P FDR > 0.05, r = 0.094; 256 Hz: P FDR > 0.05, r = 0.146; Fig. 2B ).
To directly compare whether ageing affects the response-magnitude relationship between local field potentials and spikes, we calculated for each unit the ratio between the root-mean-squared local field potential amplitude and the firing rates for the two time windows of interest. For the onset time window (0-0.05 s), the ratio was significantly smaller for older compared to younger rats for all three modulation rates (45 Hz: P FDR < 0.01, r = 0.227; 128 Hz: P FDR = 0.01, r = 0.219; 256 Hz: P FDR = 0.05, r = 0.179), suggesting that a relatively smaller synaptic (input) activity is sufficient to elicit spiking (output) activity in older rats. No difference between age groups was found for the sustained time window (0.05-0.275 s; for all P FDR > 0.05, r < 0.13). An analysis contrasting firing rates for damped vs. ramped envelopes is provided in the Supporting Information Fig. S1 .
Response latencies of local field potential and spiking activity Figure 3 shows responses latencies for local field potentials and spikes. Median N1 latencies were significantly smaller for older than younger rats (45 Hz: P FDR < 0.01, r = 0.318; 128 Hz: P FDR = 0.01, r = 0.306; 256 Hz: P FDR < 0.01, r = 0.322). In addition, N1 latencies were smaller for damped compared to ramped envelope shapes (collapsed across weakly and strongly damped/ramped) for the 45-Hz modulation rate (younger: P FDR = 0.05, r = 0.240; older: P FDR < 0.05, r = 0.299; no age group difference: P FDR > 0. 05, r = 0.088). There was no difference in N1 latencies between damped and ramped envelope shapes for the 128-Hz and the 256-Hz modulation rate (for all, P FDR > 0.05, r < 0.25).
The median latencies of the first spike did not differ between age groups (45 Hz: P FDR > 0.05, r = 0.080; 128 Hz: P FDR > 0.05, r = 0.061; 256 Hz: P FDR > 0.05, r = 0.028). The spike latencies were smaller for damped compared to ramped envelope shapes (collapsed across weakly and strongly damped/ramped) for the 45-Hz modulation rate (younger: P FDR < 0.05, r = 0.465; older: P FDR < 0.05, r = 0.474; no age group difference: P FDR > 0.05, r = 0.094) and for younger rats for the 256-Hz modulation rate (younger: P FDR < 0.05, r = 0.369; older: P FDR > 0.05, r = 0.065; and a larger increase for younger rats: P FDR = 0.05, r = 0.234). There were no effects of latency as a function of envelope shape for the 128-Hz modulation rate (for all, P FDR > 0.05, r < 0.10).
Neural synchronisation strength of local field potentials and spiking activity Figure 4 shows neural synchronisation strength of local field potentials and spiking activity. We observed clear peaks in the LFP amplitude spectrum at each AM frequency. Similarly, clear peaks were observed for spike synchronisation at the AM frequencies.
For local field potentials, synchronisation strength at the AM frequency was significantly larger for younger compared to older rats for 128 Hz (P FDR = 0.001, r = 0.300) and 256 Hz (P FDR = 0.01, r = 0.236), whereas there was no difference between age groups at 45 Hz (P FDR > 0.10, r = 0.010; Fig. 4) . For spiking activity, synchronisation strength at the AM frequency was significantly larger for older compared to younger rats for 45 Hz (P FDR < 0.01, r = 0.262). No difference between age groups was observed for 128 Hz (P FDR > 0.05, r = 0.022; Fig. 4 ) and 256 Hz (P FDR > 0.05, r = 0.160, although the effect was significant for an uncorrected P-value). The percentages of modulation-rate sensitive neurons are provided in the small insets in Fig. 4 . In sum, neural synchronisation in older rats was systematically reduced (compared to younger rats) for fast modulation rates (although not statistically significant in some cases). In contrast, spike synchronisation to the low modulation rate (45 Hz) was enhanced for older animals. Figure 5 further displays the age difference in neural synchronisation for the 45-Hz modulation rate using inter-spike-intervals. That is, for each trial with two or more spikes within the 0.05-0.275 s time interval, the inter-spike-intervals were calculated. Subsequently, the relative number of inter-spike-intervals was calculated for each unit (16 non-overlapping bins of 2-ms width). This analysis revealed an increase in the relative number of short inter-spike-intervals (~3 ms; P FDR < 0.05, r = 0.162) and an increase for inter-spike intervals at around the AM frequency (45 Hz,~22.2 ms; P FDR = 0.01, r = 0.217) for older compared to younger rats. In contrast, the relative number of intermediate inter-spike-intervals was increased for younger rats (~5-9 ms; P FDR < 0.01, r = 0.331; Fig. 5 ). We further tested whether the relative increase of~3 ms inter-spike intervals for older rats reflects an increase relative to the 45-Hz stimulation cycle or whether it reflects a nonsynchronised increase in~3 ms inter-spike intervals. To this end, the normalised vector strength was calculated (f = 45 Hz) based on the phase of the first spike of the~3 ms inter-spike-intervals (2-4 ms bin). The normalised vector strength for~3 ms inter-spike-intervals was larger for older compared to younger rats (P FDR = 0.05, r = 0.160; Fig. 5  inset) . Taken together, the data indicate that there were short bursts of spikes tightly linked to the 45-Hz AM rate for older rats, whereas spikes occurred more distributed across the 45-Hz modulation cycle for younger rats.
Effects of envelope shape on neural synchronisation strength
Age-related differences in neural synchronisation strength for individual envelope shapes and corresponding statistical significances are depicted in Fig. 6 . To statistically assess the effect of envelope shape on neural synchronisation, we averaged the synchronisation strength for weakly and strongly damped conditions and for weakly and strongly ramped conditions. We contrasted damped vs. ramped envelope shapes independently for younger and older rats, followed by comparison of the damped-ramped difference between age groups.
The results for LFPs were as follows (Fig. 6, top row) . For the 45 Hz-modulation rate, synchronisation strength was smaller for damped compared to ramped envelopes for younger rats (P FDR < 0.05, r = 0.254), whereas the opposite (i.e. damped > ramped) was found for older rats (P FDR = 0.01, r = 0.313). Furthermore, the damped-ramped difference was larger for older compared to younger rats (P FDR < 0.001, r = 0.279). Effects for the 128-Hz modulation rate were weaker, with a stronger synchronisation strength for damped than ramped envelopes in older rats (P FDR < 0.05, r = 0.292; no effect for younger rats and no age group difference was found, for both P FDR > 0.05, r < 0.25). For the 256-Hz modulation rate, there was no difference between damped and ramped envelope shapes (younger: P FDR > 0.05, r = 0.238; older: P FDR > 0.05, r = 0.184; age group difference: P FDR > 0.05, r = 0.081). However, as depicted in Fig. 6 , synchronisation strength followed a quadratic trend (younger: P FDR < 0.001, r = 0.678; older: P FDR < 0.001, r = 0.586) were damped as well as ramped envelopes led to strongest synchronisation. The quadratic trend was larger for younger than older rats (P FDR < 0.001, r = 0.338).
The results for spike synchronisation were as follows (Fig. 6 , bottom row). No effects of envelope shape were observed for the 45-Hz modulation rate when synchronisation strength was collapsed across weakly and strongly damped/ramped shapes. However, synchronisation strength for the strongly damped shape was larger than for the strongly ramped shape for older rats (P FDR < 0.05, r = 0.282; younger rats: P FDR > 0.05, r < 0.01), but this difference did not differ between age groups when FDR-corrected (P FDR > 0.05, r = 0.164). There were no effects of envelope shape for the 128-Hz modulation rate (for all P FDR > 0.05, r < 0.15). For the 256-Hz modulation rate, there was no difference between damped and ramped envelope shapes (younger: P FDR > 0.05, r = 0.032; older: P FDR > 0.05, r = 0.044; age group difference: P FDR > 0.05, r = 0.008). However, similar to LFP synchronisation, spike synchronisation strength followed a quadratic trend for younger rats (P FDR < 0.001, r = 0. 386), but not for older rats (P FDR > 0.05, r = 0.016), and the quadratic trend was larger for younger than older rats (P FDR < 0.01, r = 0.232).
Relative phase delay differences between envelope shapes
Next we examined the relative phase delay (i.e. the phase angle) of neural synchronisation for sounds modulated by different envelope shapes. Figure 7 shows the local field potential and spiking activity time courses for a sample unit responding to a 45-Hz modulation rate of a strongly damped and a strongly ramped envelope shape. The recorded units expressed some variability in their specific phase delays, and normalised phase delays were thus calculated for each unit to account for this (for an analysis of the phase consistency/ variability across units, see Supporting Information Fig. S2 ). To this end, the phase angle corresponding to the symmetrical envelope shape was subtracted (circular subtraction) from the two damped and the two ramped envelope shapes (for an analysis of non-normalised phase delays, see Supporting Information Fig. S3 ). Modulation of phase delays by envelope shapes was analysed by fitting a linear function to the normalised phase delays, separately for each unit and modulation rate. The estimated linear coefficient was used as the dependent measure.
For local field potentials, phase delays (angles) were systematically modulated for all modulation rates and both age groups (testing the linear coefficient against zero; for all P FDR < 0.001, r > 0.54); phase delays for damped envelopes were leading (larger than zero) and phase angles for ramped envelopes were lagging (smaller than zero) compared to the symmetrical envelope (Fig. 8) . Modulation of phase delays by envelope shapes was smaller for the 45-Hz modulation rate than the 128-Hz modulation rate (testing linear coefficients against each other; P FDR < 0.001, r > 0.6) and the 256-Hz modulation rate (P FDR < 0.001, r = 0.264). Modulation of phase delays was also larger for the 128-Hz modulation rate compared to the 256-Hz modulation rate (P FDR < 0.001, r = 0.433). The phase delays for spike synchronisation showed a similar pattern (Fig. 8) . Phase delays were systematically modulated for all modulation rates and both age groups (for all P FDR < 0.05, r > 0.3) with the exception of the 256-Hz modulation rate for older rats (P FDR > 0.05, r = 0.216). Modulation of phase delays did not significantly differ between modulation rates (for all P FDR > 0.05, r < 0.12), although the phase delay patterns were very similar to the LFP phase delays (Fig. 8) . . Neural synchronisation strength for the three modulation-rate and five envelope-shape conditions. Top row: local field potential (LFP) synchronisation strength (amplitude). Bottom row: spike synchronisation strength (normalised vector strength). The squares reflect the median across units. The error bar is the semi-interquartile range. Statistical tests reflect the age-group comparison. *P FDR ≤ 0.05, n.s., not significant. Note that the y-axis is not uniform for the different modulation rates. Instead, age differences and magnitude differences as a function of envelope shape are displayed in more detail. [Colour figure can be viewed at wileyonlinelibrary.com].
The degree to which phase delays were modulated by the envelope shapes appears to differ between modulation rate conditions; the 45-Hz modulation rate conditions seems less modulated, in particular for the two damped conditions. To obtain a better understanding of the relationship between the stimulus envelope shapes and the phase delays of neural synchronisation, we calculated hypothetical phase angles by thresholding the AM envelopes at 50, 65, and 80% stimulus level (Fig. 9) . Fig. 7 . Sample unit responses showing phase lag differences in neural synchronisation for different envelope shapes. Local field potentials (left) and spiking activity (right) for a strongly damped and a strongly ramped envelope shape for a 45-Hz modulation rate. Spiking activity time courses were calculated by convolving spikes with a Gaussian function (SD = 0.003 s). Fig. 8 . Phase angles (delays) of local field potential and spike synchronisation. Circle plots show the resultant vector reflecting the phase angle consistency across units (i.e. a longer vector reflects higher consistency) and the mean phase angle. Phase angles of the four conditions (strongly damped, weakly damped, weakly ramped, strongly ramped) were normalised for each unit individually to their symmetrical condition (i.e. circular subtraction). Bar graphs show the mean phase angle and error bars reflect the circular standard error. Asterisks indicate a significant modulation of phase angles by envelope shapes. *P FDR < 0.05, n.s., not significant. [Colour figure can be viewed at wileyonlinelibrary.com].
From visual comparison between the phase angles displayed in Figs 8 and 9 it appears that neural synchronisation at 45-Hz modulation rates is associated with a lower response threshold (resemblance to 50% threshold), while 128-and 256-Hz modulation rates are associated with a higher response threshold (resemblance to 80% threshold; Fig. 9 ).
Discussion
This study investigated onset responses and neural synchronisation of LFP and spiking activity in the inferior colliculus of younger and older rats. We were specifically interested in the ability of neurons to encode both periodicity and envelope shape and the age-related changes from a neuron's synaptic activity to the spiking output. We observed a relative increase in sound onsetevoked neural activity from the LFP to spikes for older rats and a relative increase in neural synchronisation strength from LFPs to spikes for older rats for the 45-Hz modulation rate. Furthermore, neural synchronisation at fast modulation rates was reduced for older compared to younger rats.
Neural synchronisation to amplitude-modulated sounds
We observed clear peaks in the frequency spectrum in response to amplitude-modulated noises at 45, 128 and 256 Hz for LFPs and spikes (although spiking activity was not commonly synchronised with the 256-Hz modulation rate), with an overall decreasing synchronisation strength for higher modulation frequencies (Fig. 4) . Our findings are consistent with previous studies on neural synchronisation in the inferior colliculus (Langner & Schreiner, 1988; Krishna & Semple, 2000; Palombi et al., 2001; Walton et al., 2002; Ter-Mikaelian et al., 2007) , which, however, exclusively focused on spiking activity. This study critically shows that neural synchronisation changes from LFP to spikes as evidenced by the different age-related patterns particularly at low modulation rates (i.e. 45 Hz; see below).
Neural synchronisation was not only affected by the modulation rate of the sounds but also in addition by the shape of the amplitude envelope. In particular, for the 45-Hz modulation rate, synchronisation strength was larger for damped compared to ramped envelope shapes for older rats, while the synchronisation strength was larger for ramped compared to damped shapes for younger rats (at least for the LFP; Fig. 6 ). The other intriguing finding was the quadratic trend observed for the 256-Hz modulation rate, such that neural activity synchronised more strongly with the damped and ramped envelope shapes than with the symmetrical envelope, and this quadratic trend was more pronounced in younger rats. Previous investigations of neural synchronisation to different envelope shapes have been sparse (Pressnitzer et al., 2000; Lu et al., 2001; Neuert et al., 2001; Parthasarathy & Bartlett, 2011 ; for comparisons between click or noise burst sequences and amplitude-modulated sounds see Epping & Eggermont, 1986; Zheng & Escabi, 2013) . One study focused on neural population responses measured at the scalp and observed larger neural synchronisation for damped than ramped envelope shapes for 128-and 256-Hz modulation rates (Parthasarathy & Bartlett, 2011) . Others focused strongly on differences in firing rate magnitude between envelope shapes and only to some extent on synchronisation, observing, in contrast to this study (see Supporting Information Fig. S1 ), greater firing rates for ramped compared to damped envelope shapes (Pressnitzer et al., 2000; Neuert et al., 2001) , although others have observed a more diverse pattern (Lu et al., 2001) . On the basis of the current data in combination with previous results, we suggest to remain cautious regarding functional interpretations of modulations in neural synchronisation strength or overall firing rates attributed to effects of envelope shape. Although there have only been a few studies investigating neural representations of envelope shapes (Pressnitzer et al., 2000; Lu et al., 2001; Neuert et al., 2001; Parthasarathy & Bartlett, 2011) , observations across studies showed considerable variability which, in our opinion, requires further research before clear conclusions are warranted.
We suggest that a more dominant coding scheme distinguishing between envelope shapes might be the timing or phase delay of neural synchronisation. We observed large changes in the phase delay of neural synchronisation for different envelope shapes (Fig. 8) . For all modulation rates, synchronisation was systematically delayed (with respect to an AM cycle) from damped to ramped envelope shapes. However, for the 45-Hz modulation rate, almost no change in phase delay was observed between the strongly and weakly damped envelopes, but for all other envelope shapes (Fig. 8) . A simple simulation (Fig. 9) suggests that the response threshold was lower for 45-Hz modulation rates than 128-and 256-Hz modulation rates. Critically, our results show that the phase delay (i.e. timing) of neural synchronisation represents envelope shapes at least up to 256 Hz, providing an important coding mechanism in addition to rate coding and coding by synchronisation strength which have previously been emphasised (Epping & Eggermont, 1986; Pressnitzer et al., 2000; Lu et al., 2001; Walton et al., 2002; Gao & Wehr, 2015;  for an emphasis on spike timing precision see also Zheng & Escab ı, 2008; Zheng & Escabi, 2013) . The observed timing differences in neural synchronisation might be important to perceptually distinguish (potentially superimposed) sounds that exhibit different envelope shapes. Yet, the timing differences observed here are likely inherited from neural circuitries preceding the inferior colliculus within the auditory pathway as suggested by the absence of phase delay changes as a function of envelope shapes in LFP-spike synchronisation (see Supporting Information Figs S4 and S5).
Effects of ageing on response magnitude and neural synchronisation strength
This study aimed to investigate the age-related changes of neural signal transduction from the synaptic (input; LFP) activity to spiking output. We observed a relative increase in sound onset-evoked neural activity from the LFP to spikes for older rats (Fig. 2) and a relative increase in neural synchronisation strength from LFPs to spikes for older rats at 45-Hz modulation rates, whereas synchronisation strength was reduced for 256-Hz modulation rates (Fig. 4) .
Previous work in animals showed enhanced firing rates along the ascending auditory pathway following hearing loss and accompanying ageing (Popel ar et al., 1987; Syka et al., 1994; Hughes et al., 2010; Manzoor et al., 2012) . In particular, auditory cortex neural activity appears to be enhanced in animals with hearing loss (Stolzberg et al., 2012) as well as in aged animals and humans (Laffont et al., 1989; Hughes et al., 2010; Herrmann et al., 2013b Herrmann et al., , 2016 Bidelman et al., 2014) . Assuming that synaptic neuronal activity at the soma and dendrites (input to a neuron or neuronal population) strongly contributes to the LFP and spiking reflects the output of a neuron or neuronal population (Bullock, 1997; Logothetis et al., 2001; Logothetis & Wandell, 2004; Buzs aki et al., 2012) , the current data show that within a single midbrain structure (inferior colliculus) neuronal response magnitudes become relatively enhanced from synaptic to spiking activity in aged animals.
Previous studies investigating spike synchronisation in ageing animals reported that temporal modulation transfer functions shift from a band-pass to a low-pass shape (Palombi et al., 2001; Schatteman et al., 2008) . That is, synchronisation strength increases at slower modulation rates and decreases at faster modulation rates in older animals. Consistently, the current data reveal an age-related increase in spike synchronisation at a slow modulation rate (45 Hz) and a decrease in LFP and spike synchronisation at faster modulation rates (128 and 256 Hz; although not statistically significant in some cases). Scalp recordings in humans and animals have shown similar age-related increases in neural synchronisation for slower modulation rates (Boettcher et al., 2002; Purcell et al., 2004) and a decrease in synchronisation strength for fast stimulus modulation rates (Grose et al., 2009; Clinard et al., 2010; Anderson et al., 2012; Bidelman et al., 2014; Parthasarathy et al., 2014) , although in particular responses to slow rates may also have significant contributions from auditory cortex in such scalp recordings (Herdman et al., 2002; Coffey et al., 2016) .
In particular, our LFP synchronisation data critically add to the existing body of work: (i) The data show that neural activity within the ageing inferior colliculus synchronises with the fast temporal modulation of sounds (at least up to 256 Hz), precisely capturing different stimulus envelope shapes in the neural phase delay. (ii) We show that neural synchronisation to a slow modulation rate (here 45 Hz) relatively increases from the synaptic activity (LFP) to spiking output in older animals. That is, no age difference in neural synchronisation was observed for the LFPs. In contrast, neurons in the aged inferior colliculus elicited precisely phase-locked bursts of spikes, whereas in younger animals spikes were more distributed over an AM cycle and thus less synchronised (see Figs 4 and 5). (iii) Neural synchronisation strength decreased from damped to ramped envelope shapes (45-Hz modulation rate, LFP) for older rats whereas it increased in younger rats. (iv) Synchronisation strength in older animals was reduced for modulation rates greater than 100 Hz.
One of the most consistent changes within the central auditory system following hearing loss and accompanying ageing is the reduction in neural inhibition along the ascending auditory pathway (Raza et al., 1994; Caspary et al., 1995 Caspary et al., , 2008 Vale et al., 2004; Burianova et al., 2009; Takesian et al., 2009 Takesian et al., , 2012 Llano et al., 2012; Rabang et al., 2012; . Accordingly, recent observations of enhanced neural responses (excitability) due to hearing loss and ageing have been discussed in the context of reduced neural inhibition (Hughes et al., 2010; Herrmann et al., 2016) . Neural inhibition modulates sound-evoked neural activity levels (Faingold et al., 1989; Pollak & Park, 1993) , which is consistent with our observation of a relatively enhanced onset response from LFP to spiking activity and reduced N1 latencies for older compared to younger rats (Figs 2 and 3) .
Neural inhibition has also been shown to be crucial for shaping neural activity elicited by amplitude-modulated sounds (Yang & Pollak, 1997; Backoff et al., 1999; Cai & Caspary, 2015 ; but see also Caspary et al., 2002; Zhang & Kelly, 2003) . Yet, the direction in which a reduction in neural inhibition affects neural synchronisation is not clear. For example, reduced neural inhibition in the cochlear nucleus led to decreased neural synchronisation to amplitude-modulated sounds (Backoff et al., 1999) . A different study shows for neurons in the lateral lemniscus that a reduction in neural inhibition leads to an increase in synchronisation strength for neurons that did not synchronise strongly before blockage of neural inhibition and to a decrease in synchronisation strength for neurons that strongly synchronised before the blockage of inhibition (Yang & Pollak, 1997) . In the inferior colliculus, synchronisation was mostly unaffected by reduced inhibition (Caspary et al., 2002) . These differences are in line with computational modelling suggesting that the influence of neural inhibition on neural synchronisation is rather complex (Rabang et al., 2012) .
A tentative interpretation of the current findings is that the agerelated increase in synchronisation strength for the low modulation frequency (45 Hz) and the age-related decrease in synchronisation strength for the high modulation frequency (e.g. 256 Hz) are both the result of a reduction in neural inhibition in the auditory system of ageing rats. Although there are other potential mechanisms, such as changes in ion channel (K, Cl, HCN) distribution, changes in short-term plasticity or changes in excitatory receptors (Kotak et al., 2005) , reduction in inhibition is well supported by prior studies Rabang et al., 2012) and could potentially show modulation-frequency dependent changes in net excitability. Reduced neural inhibition leads to increased firing rates (assuming no concurrent decreases in excitation) which in turn might lead to a larger modulation of firing rate induced by the amplitude modulation, that is, increased synchronisation strength. Another possibility is that an age-related reduction in neural inhibition is accompanied by reduced excitation, similar to hearing loss during development (Kotak & Sanes, 1997; Vale & Sanes, 2002) . This would lead to unchanged or decreased firing rates, but might still lead to increased synchronisation strength because the net excitation becomes restricted to near the peak phase of the AM cycle. Critically, reduced neural inhibition might also result in an increase in the amount of temporal jitter (by changing the excitation-inhibition balance) either within the input from a single neuron or across inputs from multiple neurons, potentially reducing temporal selectivity (Wehr & Zador, 2003; Isaacson & Scanziani, 2011) . For low modulation rates, a mild increase in jitter could be offset by a relative increase in firing rate. In contrast, a mild increase in temporal jitter would decrease neural synchronisation for high modulation rates because the duration of an AM cycle would likely be comparable to or shorter than the jitter. In addition, the input rate and/or synaptic depression might systematically vary depending on the AM rate of the stimulus (Joris et al., 2004; Rabang & Bartlett, 2011) . For example, if the input rate were to decrease or synaptic depression to increase with AM rate, this would likely lead to inputs near or below the threshold for high AM rates (even with reduced inhibition) and thus to a reduction in synchronisation strength as assessed by spiking activity. Future studies combing empirical and computation approaches are needed to shed more light on the role of the excitation-inhibition balance in age-related changes in neural synchronisation. Furthermore, additional work is necessary to explore other mechanisms for increasing neuronal excitability, such as mechanisms that alter resting membrane potential, input resistance or time constants.
Conclusions
This study investigated the age-related changes in neural response magnitudes and neural synchronisation in inferior colliculus neurons focusing on local field potentials and spiking. Activity in the inferior colliculus allows distinguishing stimulus envelope shapes for modulation rates higher than 250 Hz. Ageing was accompanied by a relative increase in response magnitude to sound onsets and a relative increase in neural synchronisation strength from the local field potential (synaptic activity) to spiking output for older rats. Ageing was also associated with decreased neural synchronisation strength at higher amplitude-modulation rates. The current data show that signal transformation within a single midbrain structure (inferior colliculus) is altered in aged animals.
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